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Introduction

Progression through the cell cycle is monitored at the G1-S phase checkpoint by active
complexes between cyclin dependent kinases (CDK) 4 and 6 and the D-type cyclins (D1, D2,
D3). The INK4 family of proteins play a key role in inhibiting the G1-S phase cell cycle
transition by specifically inhibiting the kinase activity of CDK4-Cyclin D and CDK6-Cyclin D
complexes. The INK4 (Inhibitors of CDK4) family of proteins consists of four known members:
p16[NK4a, p15MKab p1giNKae p19lNK4d, which share 40% sequence identity overall and structural
homology!-5. The INK4 family members have indistinguishable CDK/cyclin inhibitory activity
when assayed in vitroS, but appear to have distinct functions in vivo. For example, the locus on
9p21 (MTS1) expressing pl16™ " is a frequent target of genetic alterations in cancer, while the
genes encoding the other INK4 proteins are less commonly mutated in cancer. Specifically, gene
deletions in MTS1 and promoter methylation often lead to transcriptional silencing, and point
mutations are frequently associated with several different types of cancer including breast
carcinomas 47-10, Nearly 55 different residues are targeted in missense mutations of p16™+*
(10). Homozygous deletions of p15INK4b have also been identified in a more limited number of
cancer cell lines!!, and point mutations of p18™**® have been associated with some breast
carcinomas!2. Homozygous deletions of the p18™"* are also observed in oligodendrogliomas!3,
however, these deletions are rare. Polymorphisms of the p19lNK4d gene are found in a small
percentage of osteosarcomas!4. Together, the data on tumor-derived mutations suggest a strong
correlation between the INK4 proteins and carcinogenesis while also suggesting that the
indiviual family members might have tissue-specific, and/or non-redundant activities!3. Thus,
the study of the structural mechanisms underlying the Cyclin D1-CDK4 inhibitory action of the
INK4 family of tumor suppressors could lead to valuable insights into the molecular mechanisms
underlying tumorigenesis. This understanding could lead to the design of small molecule drugs
that can be used in the treatment of INK4-mediated cancers which include breast carcinomas.

Body

The specific aims outlines in the approved statement of work are

Determine the structure of p18™N<4

Prepare mutants of p18™~* defective in CDK4/6 inhibition

Determine the X-ray crystal structure of p1 8R4 mutants defective in CDK4/6 inhibition
Prepare CDK4-p18INK4C and/or CDK6-p18™**¢ complex for structure determination

b S

To briefly summarize our accomplishments, we have determined the crystal structure of
pl 8K 161,95 A (Aim #1)16, Other research groups pre-empted our efforts to determine the
INK4-CDK complex structure (Aim #4)17.18, However, based on the insights gained from the
crystal structures of free and complexed p18™ %, we have designed and tested several mutants to
test the importance of particular residues and the thermostability of INK4 proteins in mediating
cell cycle inhibition (Aim #2). We have engineered more thermostable mutants of p18™** and
have determined the crystal structures of some of these mutants to understand the basis of this
increased thermostability (Aim #3). From these studies we find a good correlation between the

increased thermostability of p18™"* to its efficacy as a cell cycle inhibitor[Venkataramani, 2001
#141].
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Specific Aim # 1: Determine the structure of p18lNK4c

Introduction

INK4 proteins share a high degree of sequence identity with each other (nearly 40%).
Moreover, they are entirely made up of ankyrin repeats (four repeats in p1 6™ % and pl 5INKdb
five repeats in p18INK40 and p19INK b Ankyrin repeats are about 33 amino acids long and occur
in at least four consecutive copies. They are involved in protein-protein interactions. The core
of the repeat seems to be a helix-loop-helix structure. They are found in more than 1000 proteins
and found in organisms ranging from viruses to humans!9-20. The crystal structure of p18™"%
will allow us not only to explain the function of INK4 proteins but also help us understand the
ankyrin repeat architecture.

Structure determination

The pl gINKde protein was expressed and purified recombinantly from E.coli. The protein
was crystallized at 4°C. The structure was determined using multiple isomorphous replacement
(MIR) techniques using phases from three heavy atom derivatives — Selenomethionine, Mercury
and Platinum derivatives. An initial model was built and refined to a final R-factor 20.5 % of and
Riree Of 28.4 %. The results were published!6 and the coordinates deposited in the PDB database
(Accession Code: 1THB).

Structure of p1§™r4e

The crystal structure of pl reveals an elongated molecule comprised of five ankyrin
repeats. Each ankyrin repeat contains a p-strand loop helix-loop-helix extended loop B-strand
motif. Each ankyrin repeat forms a N- terminal and C-terminal face that mediate van der Waals
interactions with the neighboring repeats. The neighboring repeats also interact with each other
through non-conserved hydrogen bonds in the B-strand regions. The ankyrin repeats stack on top
of each other to form an elongated overall structure in which the helical region is along one side
of the protein and the B-strand region is along the opposite side. The extended structure provides
a large surface area for mediating protein-protein interactions. There are several tight turns
within each ankyrin repeat. Two 90° turns occur at the transition from loop to helix1 or helix 2
to extended loop. Two 180° turns occur at the transition from one repeat to the next (between the

B-strand 2 of the first repeat and the B-stand 1 of the second repeat) and between the two helices
of each repeat.

81NK4C

Implications of the Structure of p18™~* for Ankyrin Repeat Proteins

The structure of p18™** explains the role played by residues conserved in all ankyrin
repeats. Generally, ankyrin repeats are poorly conserved and tolerate many substitutions in their
consensus sequence. However, we have found that most of the conserved residues play
important roles in stabilizing the ankyrin repeat structure.

1. Residues mediating tight turns in the structure: Ankyrin consensus positions 5 and 25
mediate the 90° turns in the structure, typically the residues in this position are glycines
or small hydrophobic residues that can adopt a positive ¢ and \y torsion angles.
Similarly, positions 2 and 13 that mediate the 180° turns in the structure also typically
have glycine ensuring a residue that can adopt a positive ¢ and \ torsion angles. Finally,
residues at position 15 mediating the transition into the second helix, typically has small
hydrophobic residues that can mediate the turn.
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2. Residues involved in hydrogen bonding: The histidines at position 7 in helix 1
hydrogen bonds with backbone NH of residues in the -strand regions that stabilizes the
B-turn regions. Aspartates at position 32 terminate the second B-strand by hydrogen
bonding to the residue in position 1 of the next repeat. This interaction also stabilizes the
B-turn region of the ankyrin repeat structure.

3. Residues involved in van der Waals interactions: Several residues mediate van der
Waals interactions between ankyrin repeats. However, residues at positions
6,9,10,17,18,21 and 22 on the two helices are invariably involved in these interactions.
These residues are located on the two helical faces that mediate van der Waals
interactions in the interior of the protein or with the N- and C-terminal repeats. The
residues at these positions are typically small hydrophobic residues.

Position 5

-G- TP -GHVE —GADVNA—
Consensus NID
V V Q

B1

Figure 1 The ankyrin repeat consensus?! highlighting the conserved residues that
have specific roles.

The residues highlighted in yellow are residues involved in mediating steric
requirements, residues in purple are residues involved in hydrogen bonding interactions.
Finally, the residues highlighted in red are residues involved in mediating van der Waal
interactions. The corresponding secondary structure is shown below the consensus.

Thus, 19 out of 33 residues in each repeat are available for protein-protein interaction. However,
in reality some of these 19 residues from each repeat will be involved in stabilizing the structure
by providing additional non-conserved van der Waals and hydrogen bonding interactions. The
remainder form the interaction surface. Since, up to a third of the residues from each repeat can
be involved in protein-protein interaction, ankyrin repeats offer an extensive surface area for
macromolecular interaction.

Implications of the structure of p18™~* for the INK4 proteins

Sequence alignment of INK4 proteins reveals an overall high degree of homology and
sequence identity. Moreover, our biophysical characterization of p18™**, p16™%** and p19™*4d
revealed that they have similar composition of secondary structure. Based on this sequence and
structural homology, we studied the roles p16™~** tumor derived mutations and the INK4
conserved residues.

2

6INK4a 8 INK4c

Mapping of p1 tumor derived mutations onto the structure of p1 reveals that
most of these mutations localize to residues involved in ankyrin re })eat conformation or inter-
repeat interaction. This suggests that a large percentage of p16™ - mutations result in reduced

INK4a
plé stability. Indeed a majority of these mutations studied ix vitro reveals that the mutated
proteins are non-functional and less stable (prone to aggregation)!2.22-33, However, a subset of
these mis-sense mutations are found to be clustered on the surface around the o3 helix and a.5-
turn-o.6 regions of the structure (Figure 2, Page 11).
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The structure of p18™<* shows that about 80% of these INK4 conserved residues play a

role in either stabilizing the ankyrin repeat structure or facilitating complementary interactions
between neighboring repeats and therefore, buried inside the protein. However, the residues that
are solvent exposed in the p18™~*° molecule are clustered around the o3 helix and the o.5-turn-
6 region (Figure 3, Page 12). This correlates well with the surface cluster of p16™** mutations
suggesting that the residues in these regions form the CDK binding surface.

These predictions were confirmed when the complex structures of CDK-INK4 proteins
became available 17:18.34, These structures confirmed that the regions of the a3 helix and the o5-
turn-a6 regions were involved in CDK6 binding. Moreover, the residues involved in binding
CDKG6 correlate well with those predicted to be involved 35. These residues include Ala 14, Arg
15, Asn 35, Val 44, Lys 46, Asp 67, Asp 76, Arg 79, Ala 80, Phe 82, and Asp 84 (Figure 3, Page
12).

Aim 2: Prepare mutants of plS'NMc defective in CDK4/6 inhibition
Aim 3: Determine the X-ray crystal structure of p18lNK4c mutants defective in CDK4/6
inhibition

Due to the relatedness of Aims 2 and 3, the experiments designed to investigate these aims
and their result are reported together here. The rationale behind specific aims 2 and 3 as
stated in the original proposal were to identify the importance of residues involved in
CDK4/6 binding and inhibition through mutagenesis. Originally, we planned on making
mutants of pl 8K defective in CDK4/6 inhibition. However, based on the structure of pl gINKdc
(16) and the structure of the complex34, we realized that we might be able to engineer mutations
that will increase the efficacy of the INK4 proteins. This mutational analysis will further the
understanding of INK4 mediated inhibition of CDK4 and CDK6 more than just the testing
of defective mutants. The design of these mutations and the results are reported here.

Introduction

The structure of the complexes of CDK-INK4 show that the INK4 proteins do not undergo a
conformational change (while inflicting a drastic confromational change in the CDK) 34. This
suggests that the stability and the rigidity of the INK4 proteins are important for their function.
Indeed, structure-function studies of the INK4 proteins have revealed that the vast majority of
tumor-derived p16™*** mutations reduce the thermodynamic stability of p16™** suggesting a
correlation between reduced thermodynamic stability and decreased cell cycle inhibitory activity
of INK4 proteins. In order to understand the correlation between thermostability and activity of
INK4 proteins, we designed several mutants to study the effect of thermostability on the
structure and function of INK4 proteins.

Rationale for design of pl 8™K4 mutants

In total, we designed 9 single site mutations in p18™**. Table 1 (Page 13) lists the residues
targeted for the mutations, the rationale for the mutation, and the predicted change in
thermostability. Of the 9 mutations, six were predicted to increase thermostability, these include,
W3R, F37H, R55V, F71N, F82Q, and F92N. Of these six mutations, three (F37, F71, F82) are
residues that interact with CDK 34. The other three mutations (H75F, H108L, T85) were
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predicted to decrease the thermostability of the p18"™"*

experiments.

proteins, serving as controls for the

The selection of the mutations was based on the assumption that the following changes
would increase the stability of the p18™~" protein:
1. Changing exposed hydrophobic residues to hydrophilic residues
2. Changing buried hydrophilic residues to hydrophobic residues, and
3. Changing residues at the interface of neighboring ankyrin repeats to increase inter-ankyrin
repeat interaction (by introducing hydrogen bonds or van der Waals interactions)

Purification, Biophysical Characterization, Crystallization and Structure Determination of
p18™% mutants

The p18™** mutants were purified in a similar fashion as the native protein33-36. However, we
were unable to purify one mutant H75F. The thermostability of the native and mutant p1 giKae
proteins was determined through Circular Dichroism monitored thermal denaturation33-36. Three
of the more thermostable p18I K4 mutants were targeted for crystallization. These were F71N,
F82Q, F92N. These mutant proteins crystallized isomorphous to the native protein and their
structure was determined by examining difference fourier maps33-36. The mutant proteins were
tested in vivo with transient transfections of U20S cells and studying their effect on cell cycle
progression at 24 hours35:36,

Thermodynamic Stability of pl 8™NR4 mutants

The melting temperature and the free energy of unfolding (AGyy) are reported in Table 2
(Page 14). We also report the change in free energy of unfolding of the mutants relative to the
native protein, (AAGyg). Of the 8 mutants we purified, 5 were more thermostable than the native
protein while 3 was thermodynamically less stable. The more stable pl 8™R4e mutants, there were
two distinct classes. The first class of p18™**® mutant proteins includes F71N, F92N, and F82Q
with melting temperatures that are approximately 4°C higher than the native protein. On a
relative scale, these mutants are the most stable class of p18™"* mutants. The second class of
thermostable proteins includes F37H and R55V with melting temperatures of 0.6-0.8°C higher
than the native protein. The less stable mutants contains W5R, T85F and H108L with melting
temperatures from 4°C to 17°C less than the native protein.

The AAGyp calculated from the CD thermal denaturation data reveals that the most stable
class of pl gNK4e mutants (F71IN, FI92N, and F82Q) have AAGyr of 3 kcal mol™' more stable than
the native protein. The next group of stable mutants (F37H and R55V) are approximately 1 kcal
mol ™! more stable than the native protein and the less stable class of p1 8K mutants is
approximately 2 to 6 kcal mol”! less stable than the native protein.

Structural and Functional Characterization of F7IN, F82Q, and F92N

F71IN

The 2.25 A crystal structure reveals that asparagine 71 directly hydrogen bonds with
arginine 79 in the a5 helix in the middle of the ankyrin repeat and also makes a water mediated
hydrogen bond with Asp 100 in the B5 strand at the end the ankyrin repeat (Figure 4a and b).
Taken together, the F71N pl 8™K4 mutation allows new intra-ankyrin repeat interactions that
stabilize the tight turns in the structure resulting in the increased stability of the mutant protein.
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Cell cycle assays in vivo show that the F71N p18™ ¢ mutant is also a more active cell

cycle inhibitor (Figure 5). Indeed, this mutant protein is the best cell cycle inhibitor of those
tested in this study. The structure of the p18™"*¢ /CDK-cyclin complex reveals that although
phenylalanine 71 does not interact with CDK, it is nonetheless at the binding interface.
Therefore, it is possible that an asparagine substitution at this position would also introduce
favorable p18™**-CDK contacts. Modeling studies suggests that an asparagine at position 71
would be in position to interact with a backbone NH of CDK (glycine 36 of CDKS®).

F82Q

The 2.0 A crystal structure of the mutant reveals that the glutamine at position 82
hydrogen bonds to the backbone nitrogen of glycine 48 on the turn between the o3 and a4
helices of ankyrin repeat 2. The glutamine mutant also makes a water-mediated hydrogen bond
to arginine 117 in helix o8 in ankyrin repeat 4 (Figure 4c and d). Therefore, the glutamine
mutation in position 82 of p18™X*° appears to increase the thermodynamic stability of the
pl giNKdc protein by increasing inter-ankyrin repeat interaction.

Our functional studies of the F82Q p18™**® mutant protein reveals that, in addition to
being thermodynamically more stable, it is also a better cell cycle inhibitor than the native
protein when analyzed in vivo (Figure 5). The structure of the INK4/CDK complexes reveals
that phenylalanine 82 makes a van der Waals contact with the CDK. Indeed, the fact that this
residue is strictly conserved within the INK4 family supports its functional importance. The
observation that the F82Q p18™** mutant has increased cell cycle inhibitory activity relative to
the native protein suggests that the glutamine residue must make somewhat compensatory
interactions with CDK. Possibly, the aliphatic region of the glutamine may mimic the van der
Waals interaction that is mediated by the native phenyalanine residue. In addition, modeling

studies suggests that glutamine 82 is in position to make a backbone NH hydrogen bond with the
CDK (Ser 155 of CDK®6).

F92N

The 2.0 Acrystal structure of the mutant reveals that asparagine 92 participates in a
water-mediated hydrogen bond with arginine 54 that is located on the a4 helix on the second
ankyrin repeat (Figure 4e and f). In addition, this new interaction might stabilize the turn from
a-helix 6 to the adjacent loop. Therefore, the mutation FO2N appears to facilitate new inter-
ankyrin repeat interactions that stabilize a tight turn in the structure resulting in the increased
stability of the mutant.

Functional analysis of the F92N pl mutant protein reveals that it is only marginally
more active than the native proteins in cell-cycle inhibition in vivo (Figure 5). Interestingly,
unlike the F7IN and F82Q p18™** mutants that were in position to mediate interactions with
CDK, the F92N mutation is unlikely to effect interaction with CDK since it is located too far
from the binding interface. Presumably, the increased thermodynamic stability alone of the
F92N pl 8™K4° mutant is not sufficient for increased cell cycle inhibitory activity in vivo.

8INK4C

Structural and Functional Characterization of other mutants
The structural and functional characterization of the other mutants have been described in
detail in the attached manuscript3®.
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Conclusions

We have used a structure-based approach to successfully prepare p18™ 4
proteins containing single site mutations that are thermodynamically more stable irn vitro, and
that are more potent cell cycle inhibitors in vivo than the native protein. In general, we find a
strong correlation between increased thermostability in vitro and the increased potency of cell
cycle inhibition in vivo. However, we have also identified some interesting exceptions.

In this study, several factors that can play a role in the in vivo cell cycle activity of the
pl 8K mutant proteins are not controlled for, including their relative abilities to interact with
CDK and their half-life in vivo. Therefore, it is not surprising that there is not a strict correlation
between the degree of thermodynamic stability in vifro and the ability to inhibit cell cycle
progression in vivo by the p18™~*° mutant proteins. Indeed, the importance of some of these
other factors is supported by our finding that between thermodynamic stability in vitro and cell

cycle inhibitory activity in vivo of two of the nine p18™** mutant proteins that we prepared
(W5R and H75F) are not correlated.

Nonetheless, this study does show that the thermodynamic stability of pl 8™NK4C can be
exploited to create more active cell cycle inhibitory proteins, and that a structure-based approach
can be used to facilitate this process. Indeed, we are now in a position to combine pl gikde
mutants that show increased thermodynamic stability and cell cycle inhibitory activity to create
even more stable and active molecules.

Aim #4 Prepare CDK4-p18™** and/or CDK6-p18™"** complex for structure
determination

Other research groups completed specific aim #4 of our original statement of work!7.18.34,
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Figure 2 Mapping of tumor-derived mutations of p16™*** highlights residues clustered
around the a3, a5, a6 helices
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Figure 4 Mapping of INK4 conserved residues on to the structure of p18™~* reveals
several residues on the surface, including clusters around the a3, a5, and o6 helices.
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Table 1 Properties of Residues Targeted for Mutations

Rationale for Predicted Interaction Conservation
Residue mutation Mutation change in with residues among INK4
thermostability  in CDK6' proteins
Exposed
Trp 5 Hydrophobic Arg Increase No No
Yes, non-polar
Phe 37 Exposed . His Increase side chain Yes
Hydrophobic
contacts
Arg 55 Buried Val Increase N N
& Hydrophilic S © °
H 1;:1);5 oﬁ(e)?)ic Yes, non-polar
Phe 71 YATOPAODIC, Asn Increase side chain No
Possible inter-
contacts
repeat contacts
His 75 Buried polar Phe Decrease No Yes
1 ljﬁg Ogi(liic Yes, non-polar
Phe 82 Yaropiiodic, Gln Increase side chain Yes
Possible inter-
contacts
repeat contacts
Thr 85 Buried polar Phe Decrease No Yes
Exposed
Phe 92 Hyd?‘)p h.o bic, Asn Increase No No
Possible inter-
repeat contacts
His 108 Buried polar Leu Decrease No Yes

"Based on p18" " interactions with CDKG6 as reported in the ternary complex with viral cyclin

34
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Table 2 Thermodynamic parameters of pl and mutants

T p-value 2 AGur® AAGyr?
Protein °C) (keal mol'l) (keal mol'l)
F71N 45.96 £ 0.03 0.001 9.32+£0.06 3.45
F92N 45.81£0.22 0.001 8.94+0.10 3.08
F82Q 4531+0.14 0.001 8.52+£0.07 2.66
F37H 42.28 £0.11 0.1 7.20 £ 0.06 1.34
42.151+0.01 0.1 7.09 £ 0.07 1.23
37.86 £ 0.05 0.001 3.52 £ 0.03 235
33.93 +0.08 0.001 2.48 +£0.07 -3.38
24.55+£0.23 0.001 -0.46 £ 0.07 -6.32

! Midpoint of thermal unfolding transition

2 The probability that the difference of T, between native and mutant is significant
(99.9% corresponds to p-value of 0.001 and 90.0% corresponds to p-value of 0.1).
> Free energy of unfolding at 27 °C (300 K) with estimated error

4 Change in free energy of unfolding with respect to Native p18™ %
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4 TR N y INK4
Figure 5 Crystal Structures of F71N (a, b), F82Q (c,d) and F92N (e,f) mutants of p18™ ¢
Figures on the left show simulated annealing omit maps of the mutated region. Figures on the
right show the mutant in green with CPK coloring in comparision with the native protein in gray.
Waters are shown as yellow balls and backbone NH as blue balls.
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Figure 5 In vivo cell cycle assays for p18™** and mutants

The comparison of p18™~* with the mutants showing the percent of U20S cells in S-phase after
24 hours of transient transfections (along with 95% Confidence Intervals). The vector pcDNA
and CDK inhibitor, p21 are shown as negative and positive controls respectively. The native
p18™%4¢ is shaded in gray while the mutants are arranged in the order of their position in the
pl1gMKde protein sequence. The transfection experiments were performed four times, and in each
experiment native or mutant expression vectors was transfected in triplicate flasks. For each cell
cycle analysis from each individual transfection, 10,000-20,000 GFP-positive cells were
analyzed. The data presented represents the aggregate analysis using all experiments performed,
including the confidence intervals (calculated from standard deviation estimates) of the mean.
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Key research accomplishments

o Purified p16™** p18™%4 and p19™* to homogeneity

» Tested the purified INK4 proteins biophysically to determine that all INK4 proteins have
similar secondary structural composition

« Determined the crystal structure of p18™ "¢ t0 1.95 A

« Used the crystal structure to explain p16™~* mis-sense mutants

« Engineered more thermostable p18™<*° mutants

o Determined the structures of three more thermostable pl giNkdc mutants, F7IN, F82Q, FO2N

¢ Tested mutants in cell cycle assays

« Discovered several mutants of p18™** that are more efficacious cell cycle inhibitors
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Conclusions

The INK4 family of proteins comprise of four known members: p16™*, p15™NK4®,
p181NK4C, and p19lNK4d. The INK4 proteins function to regulate the G1 to S cell cycle transition
by binding to and inhibiting the pRb kinase activity of cyclin dependant kinases 4 and 6
(CDK4/6) and the p16™~** member of the INK4 protein family is altered in a variety of tumor
types including cancers of the breast. We purified to homogeneity p16™<*, p18™K* and
p19INK4d. Our initial structural characterization revealed that all three proteins had very similar
secondary structure. Thus, the structure of any one of the family members can answer important
questions about the function of the entire family. Of the three, we were able to obtain well
diffracting crystals of only one protein, p1 gINKde,

We have determined the crystal structure of p18™** to 1.95A resolution. The structure

reveals that INK4 proteins contain four or five ankyrin repeat motifs that contain a -strand
helix-turn-helix B-strand segment that associates with neighboring motifs through p-sheet and
helical bundle interactions. The ankyrin repeats stack on top of each other to form an elongated
overall structure in which the helical region is along one side of the protein and the B-sheet
region is along the opposite side. A mapping of p16™~** tumor-derived mutations onto the INK4
protein structures reveal that most of these mutations localize to residues involved in ankyrin
repeat conformation or inter-repeat interactions, suggesting that a large percentage of p16'NK4a
mutations decrease the stability of the protein. Moreover, the mapping of the tumor derived
mutations along with the mapping of INK4 proteins has led us to predict that the region
surrounding the a3, a5, and a6 helices to be important in CDK binding. This prediction was
shown to be true by the work of other investigators.

The structure function studies of the INK4 proteins by us and other investigators have
revealed that the vast majority of tumor-derived p16™"* mutations reduce the thermodynamic
stability of p161NK421 suggesting a correlation between reduced thermodynamic stability and
decreased cell cycle inhibitory activity of INK4 proteins. Based on this correlation, we used
p18™%4¢ a5 a model system to test the proposal that INK4 proteins with increased
thermodynamic stability might have enhanced cell cycle inhibitory activity. Structure-based
mutagenesis was used to prepare p18™**® mutant proteins with predicted increase in
thermodynamic stability. Using this approach, we report the generation of three mutant p1
proteins, F71N, F82Q and F92N, that have increased thermodynamic stability as measured by
thermal denaturation and enhanced cell cycle inhibitory activity in vivo, as measured using
transient transfection assays. The X-ray crystal structure of the F71IN, F82Q and F92N pl gINK4C
mutant proteins were also determined to reveal the structural basis for the increased
thermostability of these proteins. These studies show that a structure-based approach to increase
the thermodynamic stability of INK4 proteins can be exploited to prepare more biologically
active molecules with potential applications for the development of molecules to treat ple™Ka
mediated cancers.

INK4C
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Abstract

p18™K4C is a member of the INK4 family of proteins that also includes p15™",

642 and p19'NK4°'. The INK4 proteins function to regulate the G1 to S cell cycle

p1
transition by binding to and inhibiting the pRb kinase activity of cyclin dependant
kinases 4 and 6 (CDK4/6). The p16™¢** member of the INK4 protein family is altered in

a variety of tumor types including cancers of the skin, esophagus and pancreas.

Structure function studies of the INK4 proteins have revealed that the vast majority of

6!NK4a 6INK4a

tumor-derived p1 mutations reduce the thermodynamic stability of p1
suggesting a correlation between reduced thermodynamic stability and decreased cell
cycle inhibitory activity of INK4 proteins. Based on this correlation, we used p18INK4c
as a model system to test the proposal that the INK4 proteins with increased
thermodynamic stability might have enhanced cell cycle inhibitory activity. Structure-
based mutagenesis of p18™K*¢ was used to prepare mutant proteins with predicted
increase in thermodynamic stability. Using this approach, we report the generation of
three mutant p18™“C proteins, F71N, F82Q and F92N, that have increased
thermodynamic stability as measured by thermal denaturation and enhanced cell cycle
inhibitory activity in vivo, as measured using transient transfection assays. The X-ray
crystal structure of the F71N, F82Q and F92N p18™K4¢ mutant proteins were also
determined to reveal that structural basis for the increased thermostability of these
proteins. These studies show that a structure-based approach to increase the
thermodynamic stability of INK4 proteins can be exploited to prepare more biologically
active molecules with potential applications for the development of molecules to treat

6INK4a

p1 -mediated cancers.
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Introduction

Progression through the cell cycle is monitored at the G1-S phase checkpoint by
active complexes between cyclin dependent kinases (CDK) 4 and 6 and the D-type
cyclins (D1, D2, D3). The INK4 family of proteins play a key role in inhibiting the G1-S
phase cell cycle transition by specifically inhibiting the kinase activity of CDK4-Cyclin D
and CDK6-Cyclin D complexes. The INK4 (INhibitors of CDK4) family of proteins
consists of four known members: p16™<42 p15NK4 1 gINKéc and p19™NK4d \which share
40% sequence identity overall and structural homology'-5.

The INK4 family members have indistinguishable CDK/cyclin inhibitory activity
when assayed in vitro®, but appear to have distinct functions in vivo. For example, the

locus on 9p21 (MTS1) expressing p16"™K+

is a frequent target of genetic alterations in
cancer, while the genes encoding the other INK4 proteins are much less commonly
mutated in cancer. Specifically, gene deletions in MTS1 and promoter methylation often
lead to transcriptional silencing, and point mutations are frequently associated with
several different types of cancer4.7-10. Nearly 55 different residues are targeted in
missense mutations of p16™“? (ref.10). Homozygous deletions of p15™**® have also
been identified in a more limited number of cancer cell lines!!, and point mutations of
p18™N%“c have been associated with some breast carcinomas'2. Homozygous deletions
of the p18™¥“¢ are also observed in oligodendrogliomas 3, however, these deletions are
rare. Polymorphisms of the p19™%*d gene are found in a small percentage of

osteosarcomas’4. Together, the data on tumor-derived mutations suggest tissue-

specific, and/or non-redundant activities for the INK4 proteins'S.
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Significant insights into the mechanism of INK4-mediated inhibition of cyclin-CDK
complexes and the deleterious effects of tumor-derived mutations on their kinase
inhibitory properties comes from structural analyses of the INK4 proteins. The INK4

proteins contain four or five ankyrin repeat motifs that contain a p-strand helix-turn-helix
B-strand segment that associates with neighboring motifs through B-sheet and helical
bundle interactions. THe ankyrin repeats stack on top of each other to form an
elongated overall structure in which the helical region is along one side of the protein
and the B-sheet region is along the opposite side’6.17. A mapping of p16™%** tumor-
derived mutations onto the INK4 protein structures reveal that most of these mutations
localize to residues involved in ankyrin repeat conformation or inter-repeat interactions,
suggesting that a large percentage of p16™“2 mutations decrease the stability of the
protein'?. Indeed, several of these mutations lead to the decreased stability of p16INK4a
and p18™NK“¢ proteins when studied in vitro12.18-29. Together, these studies suggest that

6'"NK42 correlate with its loss of function and

the decreased thermostability of p1
tumorigenic properties.

The structure of INK4 proteins in binary complex with CDK630.31 and in ternary
complex with CDK6 and a D-type viral cyclin32 reveal that the INK4 protein binds next to
the ATP binding site of the CDK. The resulting distortion of the kinase catalytic cleft
prevents ATP binding and thereby inhibits catalysis33. While, each of the first 4 ankyrin-
repeat units of the INK4 proteins participate in CDK4 interaction, most of the

interactions are mediated by the 2™ and 3™ ankyrin-repeat units. In addition,

comparison of the INK4 structures in the presence of CDK reveals that the INK4 protein
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does not undergo significant structural rearrangement for CDK binding with an overall
RMS deviation of less than 1.3 A.

Based on the structure-function studies described above for the INK4 proteins,
we hypothesized that we may be able to use a structure-based approach to prepare
mutant INK4 proteins with increased thermostability and increased CDK4 inhibitory
activity. The preparation of INK4 proteins with increased CDK4 inhibitory properties
would potentially be useful for targeting p16'™<** mediated cancers and/or would provide
a proof-of-principle for the design of small molecule compounds that may reactivate
tumor derived p16™® mutants. Indeed, the design of such compounds for the
reactivation of tumor-derived mutants of the p53 tumor suppressor has already been
described?34.

We used the p18™“¢ protein as a model system to carry out our studies for two
main reasons; (1) the high resolution structure of both p18™K“® alone and in complex are
available7:32 therefore facilitating a detailed structure-function analysis, and (2)

6INK4a

recombinant p1 is a thermodynamically unstable protein with a free energy of

unfolding of 3.1 kcal mol™ (ref. 25) while recombinant p18™K4 is more thermostable with
a free energy of unfolding of 5.9 kcal mol”(Table 3). Since the INK4 proteins are

highly homologous, we expect that the results of our studies with p18™ *® would be

6[NK43

transferable to other INK4 proteins such as p1 . In total, we designed 9 single site

mutations in p18™K“°. Six of these mutations were predicted to increase the stability of

8'NK%  and of these 6 positions, 4 were predicted to be at the INK4/CDK interface.

p1
Each of these 6 mutations was designed to be directly transferable to p16"™<*?. As a

control, three mutations were selected that were predicted to reduce the thermostability
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of p18™K4. The selection of mutations were based on the assumption that the following
changes would increase the stability of the p18™<*° protein; (1) changing exposed
hydrophobic residues to hydrophilic residues, (2) changing buried hydrophilic residues
to hydrophobic residues, and (3) changing residues at the interface of neighboring
ankyrin repeats to increase inter-ankyrin repeat interaction (by introducing hydrogen
bonds or van der Waals interactions).

In this report we describe the preparation, thermodynamic stability and cell cycle

inhibitory properties of the 9 mutant p18™<4

proteins that we prepared as well as a
crystal structure determination of 3 of the most thermostable mutants. Analysis of the
data reveals a general correlation between thermodynamic stability of p18™<*® and cell
cycle inhibitory activity. A correlation of these results with the structural analysis of a
subset of the p18™K* mutants reveals the structural basis for the increase p18"™N°
stability and cell-cycle inhibitory properties and suggests that improving the
thermodynamic stability of INK4 proteins can be exploited to increase its cell cycle
inhibitory activity. These studies have implications for the treatment of p16MKea _

mediated cancers as well as implications for the structure-based improvement of the

biological activity of other ankyrin-repeat containing proteins.
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Results and Discussion
Design of p18™*“c mutant proteins

The high-resolution crystal structure of p18™“°, was used to identify candidate
residues for mutation. The strategy for the mutagenesis was to increase the
hydrophobicity of the protein interior or to increase the hydrophilicity of the protein
exterior. Accordingly, buried hydrophilic residues were changed to hydrophobic
residues or exposed hydrophobic residues were changed to hydrophilic residues. In
mutating hydrophobic residues to hydrophilic residues, mutations were selected to
facilitate interactions with residﬁes in neighboring repeats. Moreover, buried hydrophilic
residues were mutated to hydrophobic residues of similar size that were predicted to
facilitate favorable interactions with other hydrophobic residues in its vicinity. With the
aid of modeling programs such as O 3%, we modeled several mutations choosing the
ones that best fit the criteria described above. The nine mutations that were made,
along with their corresponding degree of conservation and structural properties, are

listed in Table 1 and illustrated on a schematic of the overali p18™4

structure in Fig. 1.
Five of the 9 mutations selected are conserved among the INK4 proteins [Phe 37, His
75, Phe 82, Thr 85, and His 108]. Six of the mutations were designed to increase the
thermodynamic stability of p18™<“°, a subset of these residues are also predicted to be
at the INK4-CDK interface based on the INK4 co-crystal structures [Phe 37 (F37H), Phe
71 (F71N), and Phe 82 (F82Q)] (Table 1). Therefore, while one set of mutations are

predicted to have effects only on the thermodynamic stability of p18™“°

, another subset
are predicted to have effects on both the thermodynamic stability of p18™*® and

interaction with CDK. As negative controls, three mutations were also prepared that
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were predicted to decrease the thermodynamic stability of p18™<*° these include His 75

(H75F), His 108 (H108L) and Thr 85 (T85F).

Characterization of the p18'™*“° mutant protein during purification and
crystallization

When expressed in bacteria, some mutants behave significantly differently than
the native protein. These mutants include F71N, F82Q, and F92N. Bacterial growths
prepared at 37 °C revealed that these mutants are found in the soluble fraction of the
bacterial lysate whereas the native protein is found exclusively in the insoluble fraction
when the bacteria are grown at 37 °C. Surprisingly, F71N is found exclusively in the
soluble fraction, while about 25% of F82Q and F92N are found in the soluble fraction
(Table 2). Each of the proteins were purified essentially as described for the native
protein and eluted from gel filtration in monomeric form. Following protein purification,
all three of these proteins crystallize at room temperature (at 20 °C), while the native
protein precipitates when crystal trials are carried out at the same temperature. Despite
the different crystal growth temperature, crystals of the three mutant proteins are
isomorphous with crystals of the native protein that are obtained from the same
crystallization condition, but at 4 °C (Table 2 and Table 4). The increased solubility
properties of the F71N, F82Q, and F92N mutant proteins suggested that they might also
be more thermostable than the native protein.

Native p18'N¥“° and each of the other mutant proteins were found exclusively in
the insoluble protein fraction from a bacterial preparation that was grown at 37 °C.

Upon renaturation and subsequent purification, most of these proteins eluted as

monomers from gel filtration. However, the T85F and H108L mutants yielded mixtures
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of aggregates and monomeric protein, and the H75F mutant protein eluted exclusively
in the void volume from gel filtration. Taken together, these results suggested that the
three mutants, H75F, T85F, and H108L might be thermodynamically stable than the

native protein.

Thermodynamic stability of p18™"“® protein mutants

Circular Dichroism (CD) thermal denaturation was used to characterize and

compare the thermodynamic stabilities of p18™N<4

and its mutant proteins. Since the
p18'NK4° protein has substantial helical content, the CD signal at a wavelength of 222
nm, which is sensitive to helix formation, could be monitored as a function of solution
temperature to develop a melting isotherm for each protein. The melting profiles for the

8|NK4C

native and mutant p1 proteins are compared in Fig. 2 and the thermodynamic

parameters that are derived from these profiles are tabulated in Table 3. This data

reveals that of the 8 mutant p18™4°

proteins that could be purified to homogeneity, 5
were more thermostable than the native protein while 3 were thermodynamically less
stable. Of the thermodynamically more stable p18™“® mutants, there were two distinct
classes. The first class of p18"™K“® mutant proteins includes F71N, F92N, and F82Q;
and the melting temperature of these mutants are approximately 4 °C higher than the
native protein (p-value < 0.001). On a relative scale, these mutants are the most stable
class of p18™¢ mutants. The second class of these thermodynamically more stable
mutants include F37H and R55V and have reproducible melting temperatures of
approximately 0.6-0.8 °C higher than the native protein (p-value < 0.1). The less stable

class of mutants contains W5R, T85F, and H108L with melting temperatures from 4 °C

to 17 °C less than the native protein (p-value < 0.001). The H75F mutant may belong in

-9-
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8INK4c

the less stable category of p1 mutants, but it was too unstable to be purified for

further characterization (Table 2 and Table 3).

The free energy of unfolding (AGyr) for the native and mutant p18™4

proteins
was calculated from the CD thermal denaturation data through linear extrapolation. The
most stable class of p18™¢“ mutants (F71N, F92N, and F82Q) have values of AAGyr
that are approximately 3 kcal mol™ more stable than the native protein (Fig. 2 and Table
3). The next group of stable p18'NK4C mutants (F37H and R55V) is approximately 1 kcal
mol™ more stable than the native protein and the less stable class of p18™K“ mutants is
approximately 2 to 6 kcal mol™ less stable than the native protein (Fig. 2 and Table 3).
All the differences in AGyr between the native p18™K*® protein and the p18™K*¢ mutants
are within the range of the strength of a hydrogen bond. At room temperature, the
strength of a hydrogen bond is thought to be within the range of 2 to 10 kcal mol™

(ref.36). Based on differences in AGyr, the observed differences could be due to the

formation or loss of one or more hydrogen bonding and/or van der Waals interactions.

Structural and functional characterization of the thermodynamically most stable
p18™¥4¢ mutant proteins, F71N, F82Q and F92N

Of the nine-p18™“¢ mutant proteins prepared in this study, the 3 that showed the
greatest increase in thermodynamic stability were F71N, F82Q and F92N (Fig. 2 and

Table 3).

F71N The F71N mutant was particularly interesting since it was the only one of

8INK4c

the mutant p1 proteins that was completely soluble when expressed in

recombinant form in bacteria (Table 2). To understand the structural basis for how a

8[NK4C

phenyalanine to asparagine change at position 71 of p1 increased its

-10 -
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thermodynamic stability, we determined the crystal structure of the F71N mutant to 2.25
A resolution (Table 4). Position 71 in p18™K“ is located in the B4 strand and at the
beginning of ankyrin repeat 3. The structure shows that asparagine 71 directly

hydrogen bonds with arginine 79 in the o5 helix in the middle of the ankyrin repeat and
also makes a water mediated hydrogen bond with Asp 100 in the 5 strand at the end

the ankyrin repeat (Fig. 3a and b). Taken together, the F71N p18™¢ mutation allows
new intra-ankyrin repeat interactions that stabilize the tight turns in the structure
resulting in the increased stability of the mutant protein.

Cell cycle assays in vivo show that the F71N p18'NK4

mutant is also a more
active cell cycle inhibitor (Fig. 5). Indeed, this mutant protein is the best cell cycle
inhibitor of those tested in this study. The structure of the p18™<4 /CDK-cyclin complex
reveals that although phenylalanine 71 does not interact with CDK, it is nonetheless at
the binding interface. Therefore, it is possible that an asparagine substitution at this
position would also introduce favorable p18™“c-CDK contacts. Modeling studies
suggests that an asparagine at position 71 would be in position to interact with a

backbone NH of CDK (glycine 36 of CDK®6). Interestingly, other INK4 proteins have a

threonine in the corresponding position, which also does not participate in CDK

6INK4a 9INK4d

interaction in the p1 and p1 complexes with CDK 3137, Taken together, it is
therefore likely that an asparagine substitution in other INK4 proteins would increase
both their thermodynamic stabilities, CDK interaction and most importantly, their cell
cycle inhibitory activities.

F82Q The. F82Q mutant protein also shows increased thermodynamic stability

relative to the native protein. To determine the structural basis for this effect, we

-11 -
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determined the crystal structure of the F82Q mutant protein to 2.0 A resolution (Table
4). In the native protein, phenyalanine 82 is located in the turn between the a5 and o6
helices of ankyrin repeat 3. The structure of the glutamine mutant reveals that the
glutamine at position 82 hydrogen bonds to the backbone nitrogen of glycine 48 on the
turn between the a3 and a4 helices of ankyrin repeat 2. The glutamine mutant also
makes a water-mediated hydrogen bond to arginine 117 in helix a8 in ankyrin repeat 4

(Fig. 3c and d). Therefore, the glutamine mutation in position 82 of p18™N“¢ appears to
increase the thermodynamic stability of the p18™¥*® protein by increasing inter-ankyrin
repeat interaction.

Our functional studies of the F82Q p18™¥“* mutant protein reveals that, in
addition to being thermodynamically more stable, it is also a better cell cycle inhibitor
than the native protein when analyzed in vivo (Fig. 5). The structure of the INK4/CDK
complexes reveals that phenylalanine 82 makes a van der Waals contact with the CDK.
Indeed, the fact that this residue is strictly conserved within the INK4 family supports its
functional importance. The observation that the F82Q p18™“¢ mutant has increased
cell cycle inhibitory activity relative to the native protein suggests that the glutamine
residue must make somewhat compensatory interactions with CDK. Possibly, the
aliphatic region of the glutamine may mimic the van der Waals interaction that is
mediated by the native phenyalanine residue. In addition, modeling studies suggests
that glutamine 82 is in position to make a backbone NH hydrogen bond with the CDK
(Ser 155 of CDK®).

F92N The F92N mutant protein also shows increased thermodynamic stability

relative to the native protein. The structure of the F92N mutant determined to 2.0 A
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resolution (Table 4) reveals the structural basis of the asparagine substitution on
thermodynamic stability. Position 92 is located on the loop following the o6 helix of the
third ankyrin repeat. Glutamine 92 participates in a water-mediated hydrogen bond with

arginine 54 that is located on the a4 helix on the second ankyrin repeat (Fig. 3e and ).
In addition, this new interaction might stabilize the turn from a-helix 6 to the adjacent

loop. Therefore, the mutation F92N appears to facilitate new inter-ankyrin repeat
interactions that stabilize a tight turn in the structure resulting in the increased stability of
the mutant.

Functional analysis of the F92N p18™NK4°

mutant protein reveals that it is only
marginally more active than the native proteins in cell-cycle inhibition in vivo (Fig. 5).
Interestingly, unlike the F71N and F82Q p18™K“® mutants that were in position to
mediate interactions with CDK, the FO2N mutation is unlikely to effect interaction with
CDK since it is located too far from the binding interface. Presumably, the increased

8INK4C

thermodynamic stability alone of the F92N p1 mutant is not sufficient for increased

cell cycle inhibitory activity in vivo.

Analysis of the thermodynamically more stable p18™*“¢ mutants - F37H and R55V

The mutation of residues phenylalanine 37 and arginine 55 results in a modest

increase in thermodynamic stability of the p18'™<“® protein. Inspection of position 37 in

8INK4C

the native p1 structure suggests that the mutation of phenylalanine to a histidine

replaces a solvent exposed hydrophobic with a hydrophilic residue. Therefore, it is not

8INK4C

surprising that this mutation in p1 increases its thermodynamic stability. However,

since Phe 37 is present at the end of the loop between B1 and 2, a histidine at that

position will not be able to form any new interactions with adjacent ankyrin repeats or
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the a-helical regions of the structure. Therefore, although a histidine may be better

tolerated than a phenylalanine at the protein surface, its relatively modest contribution to

the increase in thermodynamic stability of the p18™NK4°

protein is correlated to the
possibility that no new protein interactions are made by the substituted histidine residue.
Despite the increased thermodynamic stability of the F37H p18™K*¢ mutant
protein, its cell cycle inhibitory properties in vivo are essentially unchanged compared to
the native protein. The structure of the INK4 complexes with CDK reveal that Phe 37
makes a Van der Waals contact with the CDK, and a histidine substitution at this
position may destabilize this interaction. Therefore, what is gained in thermodynamic

stability of the p18™NK4

protein, due to this mutation, may be counteracted by an
unfavorable CDK interaction. Alternatively, the relatively modest increase in
thermostability of the F37H mutant may not be significant enough to translate into
increased in vivo activity.

The R55V mutant changes a buried hydrophilic residue to a hydrophobic residue.

Therefore, it is also not surprising that this p18/NK4°

mutant shows increased
thermodynamic stability, although the effect is more modest than anticipated (Fig. 1 and
Table 3). Interestingly, the R55V mutant is a significantly better, cell cycle inhibitor in
vivo than the native protein. The structure of the INK4/CDK complexes reveals that
residue 55 is far from the INK4/CDK interface and is therefore unlikely to contribute to
protein-protein interaction. The R55V mutation therefore appears to improve the cell

8INK4C

cycle inhibitory effect of p1 , mainly through its increased thermodynamic stability.

Arginine 55 is not conserved within the INK4 proteins and this position corresponds to a

6INK4a

leucine residue in both p1 and p15™%** This suggests that a valine substitution in
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these proteins may also increase their thermodynamic stabilities and cell cycle inhibitory

activities.

8INK4c

Analysis of p1 mutant proteins with decreased thermodynamic stability

Of the nine p18INK4C protein mutants that were prepared, we had designed 3 of
them to be thermodynamically less stable than the native protein, H75F, T85F, and
H108L. Not surprisingly, these proteins did indeed show reduced thermodynamic
stability relative to the native protein. Surprisingly, however, one other p18"N%*® protein
mutant that was designed to have increased thermostability, W5R, was also found to be
thermodynamically less stable. Interestingly, the thermodynamically less stable H75F
and W5R mutants were more potent cell cycle inhibitors when analyzed in vivo. We

discuss the analysis of these four p18™N«4

protein mutants below.

Analysis of the native p18™“® structure reveals that histidines 75 and 108
participate in interactions that stabilize the B-sheet regions of the ankyrin repeats.
Specifically, in both cases these histidine residues are in a position to hydrogen bond
with the backbone oxygen atoms of the residues in second B-sheet of the N-terminal
repeat and first -sheet of the C-terminal repeat. This leads to the stabilization of the
tight turn between the B-sheet regions (Fig. 4a). The role played by these histidine
residues (located on the first helix of the ankyrin-repeats) in ankyrin repeat stabilization
appears to be conserved in each of the INK4 structures that have been reported to date.
Based on the interactions described above, we proposed that mutation of these
histidine residues to a hydrophobic residue would result in the loss of the hydrogen
bond interaction mediated by the histidine and thus reduce the thermodynamic stability
of the p18™*“° protein. Consistent with the importance of these histidine residues, they
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are frequently targeted in mutations of p16™* found in primary tumors10.38. Based on
the discussion above, the H75F and H108L p18™“° mutants were predicted to be
thermodynamically less stable than the native protein, and this was indeed the case as
revealed by our thermal denaturation studies (Table 3).

As expected, an in vivo cell cycle inhibition assay of the H108L p18™¢ mutant
showed that it was a relatively poor cell cycle inhibitor (indeed, the poorest of each of
the mutants tested), consistent with its decreased thermodynamic stability relative the

native p18/Nk4e

protein. Surprisingly, however, the H75F mutant was a better cell cycle
inhibitor than native p18"N**®, despite its reduced thermodynamic stability. The structure
of the INK4/CDK complexes suggests a possible explanation. His 75 is in the center of
the third ankyrin repeat of the INK4 proteins and this repeat is the one that interacts
most extensively with the CDK protein. Although, this histidine does not directly
participate in CDK interaction in the co-crystal structure it is in position to do so if minor
side chain rearrangements of either the INK4 of CDK proteins were to take place.

8INK4C

Indeed, asparagine at position 76 (using p1 numbering) interacts with CDK in the

co-crystal structures. Based on these arguments, it is possible that a histidine to

8'NK4c \would introduce a new interaction between

phenylalanine substitution in p1
p18"NK%® and the CDK. Therefore, although the nascent H75F structure may have
reduced thermodynamic stability relative to the native protein, it may be more stable in
the context of the CDK complex, thus allowing it to bind more tightly to CDK and to be a

more potent cell cycle i-nhibitor. Burying a phenylalanine at the INK4/CDK interface

would also be more energetically favorable than burying a histidine at the interface.
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Thr 85 of p18™K“® also plays an important role in stabilizing the INK4 structure
and thus the T85F mutation in p18™ “° was also predicted to reduce the thermodynamic

stability of the protein. Specifically, threonine 85 of p18'NK4c

is in a position to hydrogen
bond with proline 50 (Fig. 4b), is strictly conserved among the INK4 family members
(residue 93 in p16™€*? and residue 89 in p19™¥*%), and is targeted in mutations of

6"™K* in primary tumors10.38. The residue in p16™? alanine 57 (corresponding to

p1
proline 50 of p18™K4°) is also a site of p16™*® mutation'0 suggesting that this
interaction is important in the stability of the protein. Moreover, comparisons of the
structures of INK4 family members reveals that threonine 85 in p18™<“® (ref 17),
threonine 93 in p16™%“2 (ref.39), and threonine 89 in p19™K*? (ref.30) are all in a position
to hydrogen bond with proline 50, alanine 57, and threonine 54, respectively (Fig. 4b).
Taken together, the mutation of the strictly conserved threonine to phenylalanine leads
to loss of stability, probably due to a loss of an apparently very important hydrogen
bonding interaction .

The W5R p18™K4 mutation was predicted to increase the thermodynamic
stability of p18™K“°, since the structure of the native protein revealed that tryptophan 5
was solvent exposed and we expected that an arginine would be a more favorable
residue in this position. However, the thermal denaturation studies revealed that this
mutation produces a thermodynamically slightly less stable protein (Fig. 2 and Table 3).
The reduced thermodynamic stability of the W5R p1 8'NK4e mytation is unclear at this
point, although it could be that that arginine makes promiscuous interactions within the

p18"NK% protein that may destabilize the first ankyrin repeat of the structure.

Interestingly, the W5R p18INK4C mutation is a significantly better cell cycle inhibitor in
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vivo. The structure of the INK4 proteins with CDK shows that position 5 is far from the
INK4/CDK binding interface and is therefore unlikely to mediate direct interaction with
the CDK. The tryptophan residue is also not conserved within the INK4 proteins, also
suggesting that it does not play an important role. Nonetheless, it is possible that the
arginine at position 5 may indirectly influence the interaction of neighboring ankyrin
repeats of the INK4 proteins with CDK4. Alternatively position 5 of p18™“® may be
involved in other, yet unidentified p18™¥*¢ interactions in vivo. Functional
characterization of other mutations in this position may provide insights into the role
played by residue 5 in the thermodynamic stability and the cell cycle inhibitory activity of

the p18™“¢ protein.

Conclusions

We have used a structure-based approach to successfully prepare p18™N<4
proteins containing single site mutations that are thermodynamically more stable in
vitro, and that are more potent cell cycle inhibitors in vivo than the native protein. In
general, we find a strong correlation between increased thermostability in vitro and the
increased potency of cell cycle inhibition in vivo. However, we have also identified
some interesting exceptions. In this study, several factors that can play a role in the in

vivo cell cycle activity of the p18™K4©

mutant proteins are not controlled for, including
their relative abilities to interact with CDK and their half-life in vivo. Therefore, it is not
surprising that there is not a strict correlation between the degree of thermodynamic

stability in vitro and the ability to inhibit cell cycle progression in vivo by the p18™ 4

mutant proteins. Indeed, the importance of some of these other factors is supported by
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our finding that between thermodynamic stability in vitro and celi cycle inhibitory activity

in vivo of two of the nine p18™“°

mutant proteins that we prepared (W5R and H75F)
are not correlated. Nonetheless, this study does show that the thermodynamic stability
of p18™*“¢ can be exploited to create more active cell cycle inhibitory proteins, and that
a structure-based approach can be u sed to facilitate this process.

Of the single-site p18™4° mutant proteins that we prepared, of particular interest
is the F71N mutation. This protein was the most thermodynamically stable in vitro and
the most potent cell cycle inhibitor in vivo. Since an asparagine substitution was chosen
arbitrarily (within the constraints of a charged residue) there is a possibility that mutation
to another residue may create an even more thermodynamically stable and more potent
p18™NK4 cell cycle inhibitor. Indeed, we are now in a position to combine p18™*°
mutants that show increased thermodynamic stability and cell cycle inhibitory activity to
create even more stable and active molecules. Moreover, we would expect that some
of the results obtained in this study can be extrapolated to the homologous p16™*?

6INK4a

protein, and that introduction of similar mutations into p1 would result in a more

potent cell cycle inhibitor and tumor suppressor. Such “enhanced” p16™ * proteins

6Nk _mediated

may be ideal candidates for a gene therapy approach to help treat p1
cancers. Moreover, the studies presented here provide a proof of principle that smali
molecule compounds may be pre'pared that can mimic the effect of some of the

mutations described here and may function to reactivate tumor-derived p16™"*?

mutations.
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Venkataramani, et.al.
Figure 3

-23 -




SUBMITTED FOR PUBLICATION TO NATURE STRUCTURAL BIOLOGY

Venkataramani, et.al.
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Venkataramani, et.al.
Figure 4b
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Figure Legends

Figure 1 Residues of p18™N“° targeted for mutations
The ankyrin repeat elements are shown in alternating olive green and red, and
the residues targeted for mutations are shown in red.

Figure 2 Thermal denaturation profiles of native and mutant p18'NK4

proteins

The overlay of thermal denaturation profiles of native and mutant p18™K4
proteins illustrates the three classes of mutant proteins classified according to stability.
The most stable class of p18™“° mutant proteins include F71N, F92N, and F82Q, and
the stable class include F37H, and R55V. The least stable class includes W5R, T85F,
and H108L. The H75F p18™X% mutant is also included within the less stable class but
was not purified or analyzed by thermal denaturation due to its poor aggregation
properties. The mean at each temperature of duplicate experiments are shown here.

The standard deviations of the data was very small due to the reproducibility of the data,

therefore, error bars are not shown.

Figure 3 Structure of the F71N, F82Q, and F92N p18™¥** mutants in their comparison

with the native p18™K“¢ protein

a. The superposition of the mutant, F71N (in green), and the native protein (in gray)
along with the simulated annealing omit map around the site of mutation contoured
at 1.50. The yellow sphere represents a water molecule.

b. Detailed interactions made in the F71N p18™¥% mutant are shown in green with
CPK coloring, while the structure of the native protein, which lacks these, new
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interactions are shown in gray. The mutation results in new hydrogen bonding
interaction with arginine 79 and a water (Shown in yellow) mediated hydrogen bond

with aspartate 100. Glycines are shown as green or gray spheres.

. Same as A except that the F82Q mutant is shown.

. Detailed interactions made in the F82Q p18™*° mutant are shown in green with

CPK coloring, while the structure of the native protein, which lacks these, new
interactions are shown in gray. The mutation results in new hydrogen bonding
interaction with the backbone NH of glycine 48 and a water (shown in yellow)
mediated hydrogen bond with arginine 117. Glycines are shown as green or gray

spheres.

. Same as A except that the F92N mutant is shown.

Detailed interactions made in the F92N p18™“® mutant are shown in green with
CPK coloring, while the structure of the native protein, which lacks these, new
interactions are shown in gray. The mutation results in a new water mediated

hydrogen bond with arginine 54. Glycines are shown as green or gray spheres.

Molscript objects for the electron density was created using CONSCRIPT40 and the

figures were prepared with the programs MOLSCRIPT4! and RASTER3D42.

Figure 4 Interactions of conserved histidine and threonine residues

a. The conserved interactions of histidine residues 75 and 108 are highlighted in the B-

sheet region of the ankyrin repeats 3,4 and 5. The B-sheet regions are shown as a

Ca trace while the helical regions are shown as coils. The secondary structural
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element in which the residues are found is shown in parentheses under the residue
label.

8INK4c

b. The conserved interactions of threonine 85 in p1 (shown in aqua), is compared

to interactions made by the corresponding threonine of other INK4 proteins;

6INK4a 9INK4d

threonine 93 in p1 (shown in brown) and threonine 89 in p1 (shown in

green).

8'NK4e and mutants

Figure 5 In vivo cell cycle assays for p1
The comparison of p18™“¢ with the mutants showing the percent of U20S cells
in S-phase after 24 hours of transient transfections (along with 95% Confidence
Intervals). The vector pcDNA and CDK inhibitor, p21 are shown as negative and
positive controls respectively. The native p18™“® is shaded in gray while the mutants

are arranged in the order of their position in the p18™<4

protein sequence. The
transfection experiments were performed four times, and in each experiment native or
mutant expression vectors was transfected in triplicate flasks. For each cell cycle
analysis from each individual transfection, 10,000-20,000 GFP-positive cells were
analyzed. The data presented represents the aggregate analysis using all experiments

performed, including the confidence intervals (calculated from standard deviation

estimates) of the mean.
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Table 1 Properties of Residues Targeted for Mutations

Rationale for Predicted Interaction Conservation
Residue mutation Mutation change in with residues = among INK4
thermostability in CDK6' proteins
Exposed
Trp 5 Hydrophobic Arg Increase No No
Exposed Yes, non-polar
Phe 37 P . His Increase side chain Yes
Hydrophobic
contacts
Buried
Arg 55 Hydrophilic Val Increase No No
Exposed Yes, non-polar
Phe 71 Hydr_ophgblc, Asn Increase side chain No
Possible inter-
contacts
repeat contacts
His 75 Buried polar Phe Decrease No Yes
Exposed Yes, non-polar
Phe 82 Hydr'ophgblc, GIn Increase side chain Yes
Possible inter-
contacts
repeat contacts
Thr 85 Buried polar Phe Decrease No Yes
Exposed
Phe 92 Hydr.ophgblc, Asn Increase No No
Possible inter-
repeat contacts
His 108 Buried polar Leu Decrease No Yes

! Based on p18™¥“¢ interactions with CDK®6 as reported in the ternary complex with viral cyclin32
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Table 2 Biochemical Characterization of p18'N**° Mutants

Solubility of Ability to Oligomerization

Construct protein from renature State® Crystallization 4
. 1 .2 ate
bacterial lysates protein

Native Insoluble Yes Monomer Yes at4 °C

W5R Insoluble Yes Monomer NT

F37H Insoluble Yes Monomer NT

R55V Insoluble Yes Monomer NT

F71N 100% soluble NT Monomer Yes at 20 °C

H75F Insoluble Yes Aggregated NT

F82Q ~ 25% soluble Yes Monomer Yes at 20 °C
Mixture of

T85F Insoluble Yes aggregates and NT
monomer

FO92N ~ 25% soluble Yes Monomer Yes at 20 °C
Mixture of

H108L insoluble Yes aggregates and NT
monomer

NT: Not Tested

! The solubility of the protein refers to the presence of the protein in either the
soluble or insoluble fractions of the bacterial lysate when the protein is over-
expressed at 37°C

2 The ability to renature the protein refers to whether the protein can be isolated in
the soluble fraction after denaturation by 6M urea followed by stepwise dialysis to
remove urea

* Molecular size is judged by size exclusion chromatography of the renatured
protein

“ Crystallization was only carried out with a few mutants; the crystals so obtained
were isomorphous to the crystals of the native protein.
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Table 3 Thermodynamic Parameters of p18™“¢ and Mutants

Tm1 p-value 2 AGUF 3 AAGUF 4
Protein (°C) (kcal mol™) (kcal mol™)
F71N 45.96 + 0.03 0.001 9.32 +0.06 3.45
F92N 45.81+0.22 0.001 8.94 +0.10 3.08
F82Q 45.31+0.14 0.001 8.52 + 0.07 2.66
F37H 42.28 + 0.11 0.1 7.20 £ 0.06 1.34
R55V 42.15 + 0.01 0.1 7.09 £ 0.07 1.23
_Native p18™* " 4153+056 - 586011 -
W5R 37.86 +0.05 0.001 3.52+0.03 -2.35
T85F 33.93 +0.08 0.001 2.48 +0.07 -3.38
H108L 24.55 +0.23 0.001 -0.46 + 0.07 -6.32

H75F - - - -

! Midpoint of thermal unfolding transition

2 The probability that the difference of T, between native and mutant is
significant (99.9% corresponds to p-value of 0.001 and 90.0% corresponds to p-
value of 0.1).

® Free energy of unfolding at 27 °C (300 K) with estimated error

* Change in free energy of unfolding with respect to Native p18'N<4
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Table 4 Summary of Crystallographic Data and Refinement Parameters

F71N F82Q F92N

Data Statistics
Resolution Range  50.0-2.25 50.0-2.0 50-2.0
Unique Reflections 22,638 22,818 22,869
Rsym (%) 8.5% 3.9% 6.2 %
I/sigma 15.19 23.87 10.10
Completeness 92.7 % 97.7 % 96.6 %
Refinement
Statistics
Protein atoms 2376 2404 2376
Water atoms 192 179 174
R-factors

Rfree 25.4 26.0 26.3

Rworking 21.4 231 23.7
Model Statistics
rms values

Bond length 0.004 0.005 0.006

Bond Angles 1.19 1.24 1.34

NCS molecules  0.819 0.756 0.745
Average B-factors  19.51 25.69 26.61
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Materials and Methods

Cloning and protein purification

Single amino acid substitutions in p18™K4

were produced using the
QuickChange mutagenesis kit (Stratagene) using the pRSETA-p18™“ vector!7 as a
template, and sequence changes were confirmed by DNA sequencing. Recombinant
native and mutant p18™“¢ proteins were prepared by growing pRSETA-p18™K4¢ (native
or mutant) transformed BL21 (DE3) cells grown and inducing at 37 °C. Cells were lysed
and purified in a low salt buffer (LSB) containing 50 mM Tris (pH 8.5), 50 mM NaCl, 5
mM BME, and 0.1 mg mI"* PMSF (phenylmethylsulfony! fluoride). Except for the F71N

8"™NK4 mutant, each of the recombinant proteins were isolated by renaturing the

p1
protein found in the inclusion bodies with 6M Urea denaturation and renaturation by
stepwise dialysis to rémove urea. The soluble fraction from renaturation was further
purified by cation exchange with a Q-sepharose fast flow column (Pharmacia) and gel
filtration using Superdex-75 column (Pharmacia)'?. The F71N p18™K“® mutant was the
only protein that was found exclusively in the soluble protein fraction and the
supernatant was directly purified using cation exchange and gel filtration

chromatography'?. Protein aliquots were flash-frozen at -70 °C and thawed as needed

for biophysical studies or crystallization.

Circular Dichroism monitored thermal denaturation

Circular Dichroism data was collected on an AVIV Circular Dichroism

spectrophotometer (Model 62A-DS) equipped with a thermoelectric unit and using a 1-
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mm path length cell. Thermal protein denaturation was monitored at 222 nm. Data was
collected every 2 °C with an equilibrium time of 4 min and an averaging time of 10
seconds. Protein samples were analyzed at a concentration of 2 mg mL™" (approx. 20
mM) in 50 mM HEPES pH 7.5. Protein concentrations were determined using UV
spectrophotometry. However, concentrations of the W5R mutant which had low
extinction coefficients was determined using a Bradford assay with native protein as a
standard was used. The optimal pH for the studies was chosen based on thermal
denaturation data collected at different pH values - Borate pH 9.0, Tris pH 8.5, HEPES
pH 7.5, and Cacodylate pH 6.0 (data not shown). Among the conditions tested, HEPES
pH 7.5 gave the best sigmoidal transition. The melting temperature, T, and error
estimates were calculated by fitting the denaturation data (molar ellipticities) to a non-
linear dose-response logistical transition model [Calculated molar ellipticity, 6¢caic = 04 +
{(64-64) / 1 + (T/Tm)¥*P®}] using the Microsoft Excel solver module where slope refers to
the slope of the transition from the native to th‘e denatured state and 64 and 6, refers to
the mollar ellipticities of the denatured state and the native state respectively.

The quality of the fit of model to data was evaluated using R? with all fits having
estimates of greater than 99 %. F-tests were used to analyze the variances of the
model and data which were found to agree with each other >99% of the time for all
models. Using these models, Tn's and standard deviation estimates for native and
mutant p18'NK“¢ proteins were calculated from duplicate experiments. The p-level of
significance of T, values was calculated using the confidence intervals associated with

the mean T, measurements. AG'’s and error estimates were calculated by fitting the

denaturation data to a two-state transition model43. For each mutant, AG’s at different
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temperatures within the transition zone were fitted to a straight-line (all R? estimates >
99 %). The resulting straight-line equation was used to extrapolate and calculate the

change in free energy at room temperature, AGye at 300 K (27 °C).

Crystallization and structure determination of the F71N, F82Q, and F92N p18'NK4
mutants

Crystallization was carried out by vapor diffusion at room temperature, using a 2
uL hanging drop containing 5 mg ml™" protein, 20 mM Tris (pH 8.5), 0.5 mM DTT, 7 %
PEG 6000 (polyethylene glycol, average molecular mass 6000 M;), and 1M NaCl
equilibrated over a reservoir containing 14 % PEG 6000 and 2M NaCl. These
conditions are similar to those used to crystallize the native protein. Crystals grew to a
typical size of 100-200 um x 75-150 um x 50-100 um in the space group P241242, with
cell dimensions that are isomorphous with the native p18™“¢ crystals (a= 55.6 A,
b=151.6 A, ¢=40.5 A and a=p=y=90°). Crystals were transferred to a harvest solution
(HS) containing 20 mM Tris (pH 8.5), 15% PEG 6000 and 2M NacCl, transferred
stepwise to HS supplemented wifh 25 % glycerol, and frozen in liquid nitrogen-cooled
liquid propane prior to data collection.

Diffraction data was collected at 110 K using a Rigaku Raxis IV image plate
detector with CuKa radiation from a Rigaku RU-300 generator, and the data was
processed and scaled using DENZO and SCALEPACK#4. The coordinates of native
p18™NK“® was used as a starting model for the mutant proteins. The position and
orientation of these coordinates was initially adjusted using rigid body refinement with
the program CNS45, Model building was carried out using the program O46 using omit

maps and sigma A weighted 2 F,-F. and F, - F. Difference Fourier maps created with
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the program CNS45. lIterative rounds of model building followed by positional
refinement, simulated annealing47, and torsion angle dynamic#8 refinement protocols
were carried out at successively higher resolution shells. At the final resolution shell,
solvent molecules were added and the final model was checked for errors with
simulated annealing omit maps omitting 10 residues at a time4®. The resulting protein

structures have excellent refinement statistics and geometry (Table 4).

In vivo cell cycle inhibition assay

DNA encoding native and mutant p18™“¢ proteins were subcloned into the pCDNA3.1
vector creating a set of pPCDNA-p18 vectors (T85F was not tested due to complications
in the sub-cloning). The cell culture conditions of the U20S cells were essentially as
described0. A total of 1 x 10° U20S cells were transfected using Superfect reagent
(QIAGEN Inc., Valencia, CA) with 0.5 ug of green fluorescent protein reporter and 1.5
pg of pPCDNA-p18 (native or mutant), pPCDNA-p21, or vector alone. Western blotting
was carried out essentially as describedS0 using mouse anti-human p18 polyclonal (kind
gift of Dr. Yue Xiong, University of North Carolina at Chapel Hill) to confirm comparable
expression levels of the native and mutant proteins (data not shown). The cells were
prepared in 1% fetal bovine serum/phosphate-buffered saline for Fluorescence-
activated Cell Sorting (FACS) analysis after 24 hours. Preparation of cells for
fluorescence-activated cell sorting was performed essentially as described5!. Cell
sorting was performed on a Coulter Epics Elite counter. DNA content analysis was

performed using MacCycle software (Phoenix Flow Systems, San Diego, CA).
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